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Optimization of the liquid crystal light valve
for signal beam amplification
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Abstract: A liquid crystal light valve is an optically controlled spatial light modulator made
as a cell with liquid crystal on a photoconductive substrate. Dynamic holograms recorded in
such a hybrid device may give rise to the amplification of one of the recording beams at the
expense of the other. In the present work, liquid crystal light valves with different thicknesses
of the liquid crystal layer are studied at various conditions of the dynamic grating recording
aiming to maximize the signal beam amplification in the infrared. A seventeen-fold gain is
achieved in the improved cell for optimal recording conditions.
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1. Introduction

It is known that dynamic holograms may be recorded in different hybrid liquid crystal cells.
In such devices a driving force is created inside a photosensitive substrate. This driving force
affects liquid crystals (LC) and creates in it a spatial modulation of the refractive index. Due
to the huge birefringence of LC the amplitude of the index modulation may be very large.
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Therefore the diffraction efficiency of the grating created in a thin LC layer may be
sufficiently high for many applications including amplification of a weak signal beam.

Two main types of hybrids may be distinguished. These are liquid crystal light valves
(LCLV) and photorefractive—LC hybrids. To the best of our knowledge, the LCLV working
in the reflection geometry was the first reported hybrid cell. Devices of this type are actively
studied as Spatial Light Modulators (SLM) and have been since 1970s [1]. The use of a
transparent photoconductive substrate made from bulk crystalline Bi;,Si0, allowed operation
of LCLV in the transmission geometry [2]. The driving force in LCLV is a light-induced
spatial modulation of the voltage formed in a photoconductive substrate. In the
photorefractive—LC hybrids [3,4] the space-charge field affects the spatial alignment of the
LC molecules. As a result the refractive index in the LC also becomes spatially modulated.

Dynamic grating recording was also reported for LC blends where driving force is created
in photosensitive dopants. These are ferroelectric LC [5], nematic LC with carbon nanotubes
[6], blue-phase LC containing fullerene-Cy [7], etc. The large exponential gain factor I > 10°
cm™' was reported [5,6] for such mixtures. However the amplification factor is important for
many tasks. It may be relatively small in a thin LC layer even with a large gain factor.

The devices sensitive in the infrared spectral range are especially interesting as they are
well-matched for available telecommunication components. The recording of dynamic
gratings in this spectral range was demonstrated recently for both types of hybrids [8—11].

In the present work, we are focusing on LCLV because such devices ensure larger
amplification of a weak signal light wave [10,12]. A fourfold gain was reported for grating
recording in GaAs-based LCLV at wavelength 4 = 1.06 um [10]; our aim is to increase this
gain. For this purpose beam coupling is studied in the cells with different thickness of the LC
layer for applied voltage with various amplitudes and frequencies. Spatial resolutions of the
devices are compared. The thicknesses of the LC layer and the conditions of the grating
recording are optimized for maximizing amplification of the weak signal wave.

2. LCLYV principle and experimental set-up

The general design of the LCLV operating in the transmission geometry is shown in Fig. 1(a).
The input window is made out of a photoconductive material (PhC). The output window is a
glass plate. Two transparent indium tin oxide (ITO) electrodes are deposited on the substrate
and glass window in such a way that the voltage is applied across the substrate and LC. When
the photoconductive substrate is illuminated by the interference pattern created by two
intersecting light waves, as it is shown in Fig. 1(a), the resistance of the substrate becomes
spatially modulated. As a result, the voltage across LC also becomes spatially modulated. LC
molecules are reoriented and a refractive index grating is created in the LC layer.
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Fig. 1. (a) — Schematic sketch of the LCLV, and (b) — experimental set-up; see text for details.

The photoconductive substrate in our cell is an optically finished 8 x 15 mm* GaAs plate
with thickness # = 1.1 mm. Nominally undoped semi-insulating GaAs single-crystal exhibits
a dark resistivity of the order of 5 x 10* Ohm x cm. The cell is filled with BL0O06 (Merck) LC.
Mechanically rubbed polyimide alignment layer deposited on the inside face of the
semiconductor substrate and on the glass face coated by ITO ensures planar orientation of the
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LC. The LC layer thickness d is set by spherical glass spacers. The cells with d =5, 10, 16
um are studied. For this purpose the LCLV was reassembled with different spacers using the
same GaAs substrate. Sinusoidal ac voltage is applied to the ITO electrodes.

It is important that the conductivity grating in the substrate is local and dynamic. The
index grating in LC is pinned to the conductivity grating; therefore, the index grating is a
fixed thin local grating with respect to the recording interference fringes. Such a grating may
give rise to the amplification of the weak recording beam due to diffraction of light from the
strong pump beam in the direction of the weak signal [12]. We study this amplification.

The experimental set-up is shown schematically in Fig. 1(b). A single-mode single-
frequency diode-pumped Nd**:YAG laser emitting at A = 1.06 um is used as a light source.
The output laser radiation polarized in the plane of incidence is expanded and divided by a
variable beam splitter BS into two beams /p and Ig with a typical intensity ratio
L =1,(z=0)/I;(z=0)=80. Both beams have a Gaussian intensity distribution with about

20 mm full-width at half maximum on the cell input face. The diaphragm with a diameter of 5
mm placed on the input face of the cell cuts the central part of the recording beams ensuring
spatial homogeneity of the light intensity within £ 4%. In this way the formation of a
nonlinear lens in the LCLV is minimized. The total light intensity 7 = 30 mW/cm?.

Two beams /p and s are crossed in the GaAs window and initiate the index grating
formation in the LC. High diffraction orders appearing behind the cell show that the grating is
thin and self-diffraction in the Raman-Nath regime is observed. To separate the transmitted
signal beam from the pump its intensity is measured behind the 0.5 mm diameter diaphragm
placed at the focal plane of a lens with 25 cm focal length. Electrical impedances of the
illuminated and unilluminated photoconductive substrate are different. To keep the electrical
properties of the LCLV nearly constant the strong pump beam is continuously sent through
the cell. The shutter Sh allows blocking/unblocking the signal beam. The temporal envelopes
of the intensity of the transmitted signal are recorded in the cells with different thickness of
the LC layer under different experimental conditions. The steady state gain of the signal beam
G = I /Iy is evaluated from the temporal envelopes, where Is and g, are intensities of the
signal beam behind the cell with and without the pump beam, respectively. Intensity g
without the pump is measured at time ¢ = 0, when the signal beam is unblocked but the
dynamic hologram is not recorded yet.

3. Experimental results and discussion

The LCLV cells have relatively low spatial resolution [2] because the voltage modulation
created in the substrate is blurred strongly in the LC along z-direction. Theory predicts that
the cells with thinner LC layers exhibit better spatial resolution [2,13]. On the other hand it is
evident that gratings in a thicker LC layer ensures larger diffraction efficiency. To find a
compromise between spatial resolution good enough for reliable grating recording and large
amplification of the signal, we study the gain as a function of spatial frequency N of the
recorded grating. Experimental data are shown by symbols in Fig. 2 for the cells assembled
with the same GaAs substrate but with the LC layers of different thicknesses. The cell with
thinner LC (d = 5 pm) demonstrates the better spatial resolution with flat region at low spatial
frequency. The largest gain is reached in the LCLV with the thickest LC layer (d = 16 pm) at
spatial frequency N = 1 Ip/mm (line pairs per mm), which is the smallest possible value in our
experiment for reliable separation of the signal beam from the pump behind the cell.

The weak beam is amplified in the LCLV because of light diffraction from the strong
pump in the direction of the signal. For a large beam ratio  >> 1 the diffraction efficiency of
a thin grating created in the LC is small # << 1. The last fact is confirmed in the experiment:
only —1 and + 2 orders of diffraction with respect to the pump beam (see Fig. 1(b)) are
observed behind the LCLV. The diffraction efficiency may be simplified in this case
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Fig. 2. Gain as a function of spatial frequency measured in LCLV with thicknesses of the LC
layer: green circles — d =5 pm, blue diamonds — d = 10 um, and red squares —d = 16 pm.

n=(zdnd/A), (M)

where An is the amplitude of refractive index modulation. Then, taking into account the
diffraction from the pump, the intensity and the gain of the signal beam may be found

Ig(d) = 1(0)+71,(0) = [(0) +(w And [2)" 1,,(0), @

G=1y(d)/I;0)=1+nB=1+B(xAnd/1)". 3)
The proportionality expression for the refractive index modulation follows from Eq. (3)

An o< AJG—1. @)

This refractive index modulation may be used for characterization of the recorded grating. On
the other hand spatial voltage modulation in the cell is also small at large beam ratios and the
refractive index change in the LC is proportional to the voltage modulation. Its dependence
on spatial frequency was considered in the early works on different light valves [2,10]

AU(N) _L SPhC/h+€z/d
AU(N = 0) 7N g, coth(mNh)+.,e.e. coth(irNd sx/ez)

(6))

where ep;c is the dielectric permittivity of the isotropic substrate, while ¢, and ¢, are the
dielectric permittivities of the LC along corresponding axis; ¢, = ¢, and . = ¢, for planar
alignment of LC with no applied voltage, where ¢ and ¢, are the handbook values of the
components along and perpendicular to the director, respectively.

Thus, an obvious way to compare spatial resolution measured in the experiment with
existing theory is to set a correspondence between Eq. (4) and Eq. (5):

1 Epc/hteE[d
ZN g, coth(rNh)+ /€ €. COth(ﬂNd gx/ez)'

G-1o (6)

The symbols in Fig. 3(a) represent experimental data presented in Fig. 2 replotted as a
function [G(N) — 1]"* normalized to the value for N — 0. The lines of the corresponding
colors in Fig. 3(b) represent calculations according Eq. (5) with &p,c = 12.9 for GaAs and with
&, =g =20, 6. =&, = 4.7 for BL006.

It is clear from Fig. 3(a) that the spatial bandwidth is reduced when the LC layer becomes
thicker. Theoretical lines in Fig. 3(b) qualitatively describe well the experimental data
showing the same tendency. However the measured spatial bandwidth is smaller than it is
predicted by Eq. (5). One of the known reasons for such discrepancy is diffusive spreading
and drift of the photo-excited carriers in the photoconductor [14]. Another factor is the light
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scattered in the substrate and the light reflected back inside it from different components of
the LCLV; this light decreases the contrast. The decrease is more pronounced at higher spatial
frequencies and therefore the parasitic light narrows the spatial bandwidth of the LCLV.
Some additional factors that may be important for quantitative disagreement are: a pump
depletion for large gain, uncertainties of the thickness of LC and its permittivity components,
presence of ions in the LC, and large-scale space charge formation in the substrate.
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Fig. 3. Spatial frequency dependence of the (a) — measured gain replotted as [G(V) — 1]"* and
(b) — light-induced spatial modulation of the voltage across LC calculated according Eq. (5).
The LC layer thicknesses are: green — d = 5 pum, blue — d = 10 um, and red — d = 16 pm.
Applied voltage with peak amplitude Uy = 10 V and optimal frequency f;,, = 200 kHz; beam
ratio = 80; light intensity 7= 30 mW/cm>.

An equivalent electrical circuit of the LCLV includes several RC-circuits, which
correspond to different layers of the cell [1,2]. That is why a maximum voltage across LC
layer is reached at a resonant frequency. Naturally, a similar resonance is observed for the
gain. It is presented in Fig. 4(a) where the gain of the signal beam is shown as a function of
frequency of the applied voltage with peak amplitude Uy = 10 V measured in the cell with d =
16 um at a spatial frequency N = 1 Ip/mm. The largest gain G =11 is measured at the
resonance frequency f,,, = 200 kHz.

' ' |
10t - ] -
U=10V - I5¢
8t 0 mE L "
| |
O 4l - " O 10t =
£ [] g - [ ] .
< 4f u <
eh , -" [ ] eh 5 - "
1} = m " " ] /=200 kHz
0l s 0 : s - -
10 100 0 10 20 30 40
frequency f (kHz) voltage U, (V)

(a) (b)

Fig. 4. Gain of the signal beam measured as a function of: (a) — frequency of the applied
voltage with peak amplitude U, = 10 V and (b) — peak amplitude of the applied voltage at the
optimal frequency f,,, = 200 kHz. Spatial frequency N = 1 Ip/mm; beam ratio f = 80; light
intensity /=30 mW/cm’.

A tilt of LC molecules on the same small angle results in a largest refractive index change
when the director is aligned at 45° to the planar orientation. On the other hand a larger driving
force is necessary to achieve the same tilt of the LC molecules when the pretilt is large.
Therefore the voltage ensuring the largest possible gain corresponds to the tilt somewhere
below 45°. To find this optimal voltage we measure the gain as a function of applied voltage
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at optimal frequency f,,, = 200 kHz. Experimental dependence presented in Fig. 4(b) shows
that the largest gain G = 17.2 is achieved with voltage U, = 16 V. To the best of our
knowledge, this gain is the largest gain ever reported for LCLV. The temporal envelope of the
signal corresponding to this gain is shown in Fig. 5 by the red line. Initially the intensity
increases quadratically because amplification is determined by the diffraction efficiency,
which is proportional to the square of the refractive index change. Then the signal intensity
increases and reaches its steady state value with a characteristic time 7 =0.2 s. The blue line in
Fig. 5 shows for comparison the data describing the gain previously reported for other GaAs-
based LCLV [10] with d = 10 um operating at A = 440 um with applied voltage U, = 2.6 V.
Obviously, considerable increase of the amplification is achieved in the present work.

intensity 7 (¢)/I (1= 0)

time 7 (s)

Fig. 5. Temporal envelope of the signal beam intensity measured in the cell with d = 16 um at
A =1000 pm with optimal amplitude and frequency of the applied voltage (red line). Blue line
shows for comparison the signal beam amplification achieved in another LCLV with d = 10
pm at A =440 pm.

4. Conclusions

In the present work optimal conditions are found for large signal beam amplification using
dynamic gratings recorded in the LCLV. The signal beam gain G = 17 is achieved at 1 = 1.06
pum for small contrast recording in GaAs-based LCLV with a 16-um-thick LC layer. This gain
is 4 times larger than G = 4 reported previously for similar LCLV cell [10] operating in the
infrared. To the best of our knowledge, this is the largest gain ever reported for any LCLV.
Good spatial resolution is crucially important for image processing with SLM. The LCLV
with thinner LC layer has better spatial bandwidth with flat region at low spatial frequency.
The LCLV can operate as SLM in this case processing images without nonlinear distortions.
On contrary, the interaction length and coupling constant product define the strength of
interaction. That is why naturally the larger gain is reached in a thicker LC. In this case a low
spatial resolution requires operation at small spatial frequencies. Our results confirm that
LCLYV with a thick LC layer cannot be used as SLM for processing of high resolution images.
However, it can be effectively used for signal beam amplification. If a particular task allows
operation at low spatial frequency, a large amplification of the signal beam can be achieved.
On the other hand, the spatial bandwidth of the LCLV is defined by a thinner layer, either
a LC or photoconductive substrate, as the denominator in Eq. (6) predicts. For a large gain, a
considerable spatial voltage modulation is required. Hypothetically it could be achieved even
in a thin substrate with low dark conductivity but remarkable photoconductivity. If such a
material could be found, a large gain could be achieved in LCLV with much better spatial
resolution, which would be defined by a thin photoconductive substrate with 2 <<d.
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